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ABSTRACT 



The simulation presented here attempts to provide a testing device 
to be used in evaluating repairable inventory decision rules. The com- 
plexity of the repairable inventory problem prevents mathematical analy- 
sis, and trial- and- err or solutions are too costly and time-consuming: 
hence the systems simulation approach. 

T be system is a general one and depicts the author's opinion of 
■what the average system design might be. Theoretical evaluations are 
possible, t'd several ax a presented. 
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CHAPTER I 
INTRODUCTION 



Inventory management is a topic of considerable and wide-spread 
interest. Broadly speaking, the inventory management problem is one of 
maintaining, for a given financial investment, an adequate supply of some- 
thin-; in order to meet an expected distribution or pattern of demand. In 
answering the basic question of how much to order and when to order it, 
inventory managers are faced with many pressures and conflicting criteria 
presented by outside persons having varied interest s in the inventory man- 
agement operations. For instance the accounting department will want to 
make sure that the inventory is carried and procured at the least cost. 

The production department, on the other hand, v/iL insist that enough 
material be procured so that they will never run short when meeting a 
production schedule. To summarise, then, the inventory manager is told, 
"Don't pci cut of, but don't be overstocked with material, " 

If the inventory manager were certain of 4 he demand to be expected 
and its exact arrival pattern, and if he knew exactly when material would 
be deliver? d from procurement, the solution to the inventory management 
problem would be an analytical one and could easily be solved, allowing 
performance to be judged with certainty. This is not the case, however, 
as demand is random and procurement delivery ijm.es and material delivery 
schedules are subject to variations. It becomes apparent,, therefore, that 
the inventory management problem under uncertain conditions is one of 
minimizing cost while maintaining a desired level of effectiveness . In 



order to overcome the problems of uncertainty, many people have been 
working on new procedures for forecasting demand, determining inventory 
levels, and computing economical order quantities by taking into account 
such factors as risk, holding cost, interest rates and shortage costs. The 
inventory problem has become very complex and sophisticated, and does 
not readily lend itself to an analytical solution. Systems simulation has 
become a very useful tool in this class of problems , wherein operating rule 
policies, procedures and other elements that control inventory are influ- 
enced by uncertainty in demands, lead times, costs, and other elements 

I 

affecting inventory itvo’c. * By the use of simulation we are allowed tc 
study the inventory system as a function of time. 



Reoair Prohle i a 

Inventory management problems car ■ be classified into many cate- 
gories, but the most general division is between consumable and repair- 
able item--mana.jOrr.ent. A consumable item is an item the usefulness of 
which is comp airly expended subseavem to its initial issue, and which 
will never be capaM ? of being ’-eissred. A repairable, on the other hand, 
is an item that , because of it*- nigh cost, complexity, or other considera- 
tions, could be retur ice co a central point for repair and subsequent re- 
issue. With the race - m advances in technology and the new modular or 
’’Black Box” types of systems, the number of items worthy of repairable- 
item management has increased rapidly. It. has been recognized for many 
years that large items such as airplane engines should be managed as 
i e paired’ us , but now ii is recognized that many items of lesser cost and 
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size can be effectively managed as repairables, with significant savings 
to the overall inventory costs. The major changes in the items and their 
environment are the complexity and high cost of the items. When a com- 
plex item now fails, the level of competence of personnel and the sophis- 
ticated test equipment required for repair preclude repair in the field. This, 
coupled with the high procurement costs when the items are managed as 
consumables, dictates the need to examine the overall costs and the pos- 
sibility of returning the items for repair and reissue. The following is a 
list of repair parts that might be considered to fall in this category. 

] , Electro nic M od ule - used in the memory circuits of a large 
r. io s s - • pro du ■ o o d c or n pu t er . 



Magnet Me mory Drum - used in the fire con 'mol system of 
a Fleet Ballistic Missile Submarine. 

Gear Tra m A s sembly - used in the inertia 1 navigation system 



in a Fleet Ballistic Missile Submarine. 

-i, Fuel C ell o r Carb uretor - used in high performance aitcrsi. r . 

5. Power Rec ove r/ Tu rbine - used in propeller-driven aircraft. 

6. Mass Fl owme ters - used in the various refineries of an oil company. 



7 . T est Eq uip ment 



used almost anywher..; requires verv sensitive 



reaiignme 



nt. 



The above items have several things in common, such as high cost, spe- 
cial tools needed for repair, and a high level of technical understanding 
required in the c.o'vai repair and rehabilitation of the part. It is assumed 
that, because of the high cost of maintaining skilled technicians together 
with the highly sophisticated test equipment, field repair is not practical, 
and that central repair o f these parts would in fact be economical. 
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As was previously mentioned, the inventory management problem 

is surrounded by uncertainty. It would be useful here to mention the 

2 

major sources of uncertainty in consumable item --management. 

1. Variability of demand. 

2 . Variability of procurement delivery schedules. 

3. Variability of delivery schedules to Subsupp.ly points within 
the total supply system. 

When considering the repairable item-management problem,, the same 
uncertainties surrounding the consumable item are present; but in addition, 
the following must be considered. 

1. Variability of an item being returned for repair. When a new 
item is issued, the item it is to replace could have failed in 
such n manner as to make it obviously incapable of repair. The 
possibility of loss also exists. Therefore, not all issues vdil 
generate an item that will return to await possible induction 
into repair (carcass return rate). 

2. Variability of an item inducted into repaii but not surviving. 

When an item is in the actual repair foci' by. is po^sibie that 
the cost of repair will exceed the lirrnieMon placed by trie in- 
ventory manager. In this case, the inventory manager will no 
notified and the item discarded (carcass survival rate). 

3. Variabib'ty of actual repair completion time. 

4. Variability of shipment time; 

a) From failure point to Main Supply point for subsequent 



re pa ir. 
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b) From Main Supply to Repair Facility. 

c) From Repair Facility to Main Supply. 

It can be seen from the above that the primary difference between the con- 
sumable-and repairable-item management problem is that in consumable 
management, al] assets that are to be issued must come from procurement. 
However, in the repairable problem, procurement is a combination of ob- 
taining unused assets and regenerating previously-used assets. The 
inventory problem for the consumable reduces to: 

1. Prediction of how much will be demanded. 

2. Decision as to how much to buy. 

3. Decision as to when to buy. 



Foi th<- repairable, the above are included, but further answers are needed 
to the following problems: 

’. Prediction as to how much can be regenerated. 

2. Decision a? to hew much to repair. 

3. Decision as to when to repair. 



When determining whether an item should be managed as a repair- 
able, one must consider the extra costs associated with the repair program 
vs. the savings in new procurement costs for a given measure of performance. 
It is obvious that less material will be procured, thus producing savings. 
Transportation costs for the possible induction and return of material to 
and from repair, plus actual repair costs, offset trie procurement savings. 
Therefore a balance must be obtained and guidm Lines established so that 
the repairing activity will know the limitation on repair costs. This limi- 
tation is normally expressed as a percentage of the cost of a new item. 



6 



The Scope and Method of Simulation System 

Many authors use different terminology in defining systems and 

models. The simulation to be developed in this thesis can be classified 

and described most simply in general terms by using the scheme described 

by Mssrs, McMillan and Gonzalez in their book "Systems Analysis, A 

3 

Computer Approach to Decision Models. " 

Basis for Sy s tem Classification : 

1. Natural or Man-made . The simulation of a supply network 
is considered to be man-made, even though the environment 
in which it operates will contain natural systems. 

2. Open or Closed . The use of the model developed here will be 

to test the internal decision rules, and the results will represent 
their effect: therefore, the system will be considered closed. 

3. Adaptive or not . The present model will be adaptive, as it will 
adjust demand forecasts based on actually experienced demand. 

4. Stable or Unstable. The very nature of the uncertainty of de- 
mands, times, and regeneration make the period uncertain, but 
over long periods of time the system stabilizes and the values 
stay within acceptable limits. 

5. Steady-State, Transient or Exploding . The developed model 
will change values with time, but the results — such as 
average costs per period and effectiveness -- will approach 
steady state as the number of periods increases without bounds. 

Models are classified in part by the nature or physical form of the 
model. In this sense, three basic types of models are the physical, 
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schematic and mathematical. A physical model is, for example, an ana- 
log computer simulating a hydraulic system or an oil refinery. A schematic 
model could be a pictorial representation of a system; an example would 
be the flow charts that were constructed when preparing the simulation in 
this thesis. A mathematical model consists of a set of equations whose 
solution explains or predicts changes in the state of the system. The 
mathematical model used in the simulation will be the decision rules for 
repairable parts that were recently used at the Ships Parts Control Center, 
Mechanicsburg, Pennsylvania. 



Models are further classified as to whether they are probabilistic or 
deterministic. The previously mentioned inventory system is to a great 
extent dependent on effects that are random; hence the simulation will 
definitely be classified as probabilistic. 

After the decision rules for .open able parts have been reduced to a 
mathematical model, it is necessary L c develop a method for analysing 



the effects when and if the model is employed to study policy. The inter- 
actions between the many rules that constitute repairable-item management 
are so complex that without a simulation ol the system, it is almost im- 
possible to determine what the overall effect will be of any rule or change 
in a rule. A simulation makes it possible first to study alternatives to 
select the best method for a particular situation, and then to demonstrate 



that the model dees cope satisfactorily with all conceivable contingonci 






A simulation is here defined as a dynamic representation of the a etna 
environment. As the calculations for a probabilistic simulation are very 
time-consuming, it is mandatory that a computer be used. The use of e 



computer allows one to trace the time paths of the variables and generate 
statistics for later analysis. 
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Figure 1 is a generalized schematic of the system simulation. It 
should be noted that the operator or executive control is outside the nor- 
mal running loop, so the system is said to be closed. 



The model will be run for enough trials that the values at the end 
of the simulation will closely approach the statistical expectation if the 
set of decision rules and procedures depicted by the simulation were ac- 
tually put in use. A simple analogy might bo the flipping of a coin. After 
ten trials it would be very possible to have G heads and 2 tails; yet if 
the coin were flipped 100 times the number of heads would approach the 
known expectation of 50 percent heads. Caution must be exercised, 
because the model or simulator is not a short -run predictive device. It 
is capable of showing what should happen in trie long run, or showing 
that one rule b^n should do better than '--r. other, but any conclusions apply 
only to long-term average behavior, not to short-term behavior. 

It muse be emphasized that a model of this nature would need to 
be developed tor caco individual system that was to be examined. Ii 
is hoped that the choice of a general repair system, to be described in 
Chapter II, will make it useful to others in testing theoretical questions 
concerning this model. 



La nguage Sel e ctio n * 

It will be necessary , when preparing the simulation model for com- 
puter use, to give ios true Cons for the computer. Programs may be written 
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in any number of "languages, " but the computer itself understands only 
one language: machine language. Developing a thorough knowledge of 
"machine language" requires a great deal of study, and constructing 
programs is very tedious and slow. To bridge this knowledge gap and 
to make the computer more readily available to more users, additional 
languages have been developed to help individuals of varied backgrounds 
use a computer more efficiently. When programming is done in any of 
these special languages other than machine language, it must first be 
"translated, " by means of a special intermediary program called a com- 
piler, into machine language. It is therefore necessary, before selecting 
a specific .language to be used, to determine the compilers that, are 
available for the computer to be utilized. The following is a summary 
of the more commonly-used languages. 



FORTRAN (An abbreviation for FORmula '"RANslalicn) is the most, 
universally used language for which compilers roe available. Portion . 
being nearly a universal language, is ideally suited to model bui.lgi.ng 
and is a good basic language from which to 3 earn othmr computer languages 
when the need arises. A Fortran program consists of a numb;, of state- 
ments or instructions to the computer. 

GPSS (General Purpose Systems Simulator) is a r other program- 



ming language 
GPSS has a lo< 
shorthand vers 



that has been designed specifically lor queueing sy 
•c structure that permits it to serve, ir. a sense, as 
ion of many Fortran statements grouped together for 



^ I. <1 ;7i d 



sage 



within a queueing problem. A single statement within the GPSS language 
could very easily represent as many as 10 individual, operations that would 
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be needed if the system were constructed using the Fortran language. 

In summary, then, with a GPSS compiler, one could construct very 
complex queue systems simulations with a very small number of state- 
ments . 

SIMSCRIPT - Simscript, like GPSS, is also another type of lan- 
guage that could be considered a type of shorthand. Here again, many 
Fortran data manipulations can be called into operation by only one or 
a few Simscript statements. 

Both Simscript and GPSS contain significant advantages, both 
in simplicity and flexibility, when utilized in developing a complicated 
simulation model. These two systems would be the normal choices in 
developing a complex computer simulation model: however, compilers 
for these two languages are not available at the computation center 
used by this author. Therefore the Fortran language has been selected 
for use. 
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CHAPTER II 

PHYSICAL SYSTEM TO BE SIMULATED 



Phi lo sophy of System Selection 

Because of the added transportation costs and repair costs of all 
items to be included in repairable-item management, it follows that one 
criterion for selection will be high unit cost. In addition, as repair 
contracts must be lei and contract administration pursued, sufficient 
volume must be anticipated to make it feasible. To summarize, then, 
the general criteria for selection of an item for repairable-item management 
are: 

1. Item must be repayable. 

2. Specialized repair, other than in the field, must be required, 

3. Unit price must at least be cue hundred dollars, 

4. Regeneration must be at least twenty units per year. 

Other items might, of course, be accepted into the repair program, but 
these will be treated a. special cases. 



When the criteria arc examined it becomes apparent that stocking 
this type of material at a limited number of stocking points will reduce 
stock levels, material- in - tra ns it costs, ana administrative control costs. 
This policy could be modified if the operational needs of the customers 
dictate the need for material in their immediate vicinity. 

Access was not readily available to an operating system: therefore, 
the physical system to bo simulated will be a hypothetical one. It will 
be composed of the following functional locations: 
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1. Main Supply 

2. Subsupply East 

3. Subsupply West 

4. Repair Facility 

The shipment links between these points are variable and are inputs to 
the model; therefore, the model can be modified to meet various other system 
configurations. Demand from end-use customers is generated at Main. 
Supply, Subsupply West and Subsupply East. In addition. Main Supply 
will receive requisitions from Subsupply West and Subsupply East. Figure 
2 graphically displays the locations capable of being used in the system. 

For this simulation, specific locations were selected so that realistic 
transportation times and costs could be added for additional realism. Sub- 
supply West is at Pearl Harbor, Hawaii, Subsuppiy E=*st is at London, 
England, Main Supply is at Norfolk, Virginia, ana the Repair Facilvy is 
at Long Pea on , California. 



Phy sical C har aoi:er istlcs o f t he System 

It is necessary to examine the principal locations the physical 
system to gain insight into the operation of the simulation. A short dis- 



cussion will describe each 



activity and its responsibilities 



co the 



system. 



Subsuppiy East nr. I Sub supply West 

Genera] - These activities are considered to be field stocking activities. 
They will maintain stock necessary to support requisitions from customers 

. The facilities arid personnel are limited and are 



in the immediate area 



PHYSICAL S YSTEM 
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cRN'AL DS-AANOS ON SYS 'EM 
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not capable of sophisticated inventory management. Repair facilities 
are at a minimum, and items needing repair must be returned to Main Sup- 
ply for scheduled induction into a repair facility. Forecasting demand 
occurs at the same time that the forecasts are updated at Main Supply. 

The method, however, is to generate a two-peiiod moving average. The 
method of determining requirements is to compare requirements with assets 
on hand plus dues from Main Supply. If the assets are equal to or less 
than tv'o months' expected demand, then the deficiency plus one month's 
expected demand is ordered, and the requisition is forwarded to Main 
Supply. 

Functions Performed by the Subsupplies 

1. Receives demand from customers. 

2. Maintains current on-hand items available for issue. 

'» Maintains backorder file. 

4. Requisitions replacement material from Main Supply. 

5 Maintains a file of material due from Main Supply. 

6. When an item is issued, decides whether carcass will be 
returned for repair. 

7. Generates time-of-arrivai of carcass at Main Supply, if it is to 
be returned. 

8. Generates the time of next, demand at. location. 

Main Supply 

General - This activity is the central inventory rorurcl point for the item 
being simulated. It stocks material for issue to the Subsuopues and to 
end-use customers in the immediate area. In addition. If: performs the 
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requirements reviews necessary to maintain levels for satisfactory perfor- 
mance of the entire system. 

Functions Performed by the Main Supply 

1. Receives demand from local end-use customers. 

2. Receives demand from Subsupplies. 

3. Maintains current on-hand items available for issue. 

4. Maintains current on-hand items of material awaiting repair. 

5. Maintains backorder file (first rn, first out). 

6. Performs requirement ? review. 

7. Orders material from procurement. 

8. Generates estimate of the time when any material from procure- 
ment will be received in the system. 

9. Directs that given material be inducted into Repair Facility. 

10. Generates estimate of the time when any material will be 
received at Repair Facility. 

11. Forecasts Main Supply future demand, based on past expo- v-no.e 

12. Maintains file of material due from procurement. 

13. Maintains file of materia] due from repair. 

14. When an item is issued to local customers, decides whether 
carcass will be- returned for repair. 

15. Receives carcasses from Sub supplies to await induction into 
re pa ir. 

16. Generates time of next demand from local end-use customers. 

17. After requirements review, generates time of next review. 

18. A.fter demand forecast update, generates time of next demand 
forecast update. 
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19. Receives material from procurement and Repair Facility and re- 
leases backorders on a first-in, first-out basis, as necessary. 

Repair Facility 

General - This activity has been selected by Main Supply to repair the 
item simulated. 

Functions Performed by the Repair Facility 

1. Receives items to be repaired from Main Supply. 

2. Generates time when items to be repaired will depart Repair 
Facility. 

? . At departure time from repair, determines how many carcasses 
did not survive repair. 

4. Generates arrival time of those surviving repair at Main Supply. 



Syste m Disci pline 

It i - important to understand the rules under which the system is 
operating, as they must be included in the simulation. It is possible that 
some rules may impose adverse effects on the system, but proving this 
through simulation could be a valuable by-product of this study „ 

Units Demanded - It is assumed that, because of the high prices of the 
items in the repairable category, demands from local customers will be 
for a quantity of one item. After a demand is placed, it remains hi the 
system until an issue ->3 consummated. 



Return of Defective Material - Material is not considered for return unless 



an actual issue takes place. Many times the prime equipment will still 
be operable, but to a lesser degree of effectiveness. 
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Priority of Issue - All requisitions are considered to be of the same 
priority, and issues are made on a "first-come, first-served" basis. 

Release of Backorders - All backorders are released on a "first-in, 
first-out" basis. 

Consolidation for Shipment - When operations such as material receipts 
cause a batch of backorder releases (and consequently the return of many 
item-,} at one point in time, shipments will be consolidated. 

Requisition Effectiveness - When a requisition is received, it is counted 
as a demand. If it is completely filled on time, it is counted as an issue. 
If a requisition is partially filled, then it is considered to be one demand 
with an issue and another demand with no issue. At the end of the re- 
porting period, the number of issues is divided by the number of demands 
to get the requisition effectiveness. 

Uni. 1 Effectiveness - Each unit requested is considered a demand, and 
each issue on time an issue. At the end of the period the number of issues 
is divided by the demands to get the unit effectiveness. 

Times, of Payment - Costs are not recorded until the material is received 
from procurement, received from repair, or received at destination after 
a shipment c 

Minimum Procurements - Generally, as the uni! price of an item goes up, 
the economical order quantity gets lower. Top management has decided 
that since the work-load in the Purchase Section is high, the minimum- 
purchase quantity will be for at least three months' purchase require- 



ments. 



Minimum Repair Quantity - For the same reasons stated for new pro- 
curements, the minimum quantity to be sent to repair is two months' 
expected repair requirements, if the material is available. 
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Pr o c ess Genera tors 



It has been previously mentioned that the inventory problem is 
surrounded by uncertainties in demand, times needed for various events 
and the regeneration of material. These uncertainties must be included 
in the simulation to represent reality. A useful tool for simulating sto- 
chastic processes such as these is the Monte Carlo technique.'* The 
Monte Carlo technique needs a random variable, its probability distri- 
bution function, and a sequence of random number a . The random n um- 
bers are provided by a random- number generator, which is a library 
function (ROM (I)). When the value of I is initialized at a 10- digit odd 
intego; . the generator will provide uniformly distributed random numbers 
between f- and 1. The following will be a description cf the process 
generators, utilizing random numbers, to simulate the uncertainties 



within tbm program. 



Demand Generator - "High-demand items are satisfactorily described 
by the normal distribution, medium-demand items by the negative, bino- 
mial distribution, and very low-demand items by the Poisson distribution. 
One of the on l or it* for s si action of a repairable item dictated that a 



J 



regeneration rats of at least twenty units per year be used. This is 
considered a high-demand rate; therefore, a normal distribution is used 
to describe the demand input. Demand from end-use customers can enter 
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the system at Main Supply, Subsupply East or Subsupply West; there- 
fore, three separate generators are used to allow varying demand input 
at each point. The random-time-interval generator is designed to pro- 
vide the time between demand arrivals; therefore, the desired demands per 
month must be reduced to a mean time between demands. For example, 
if it were desired to create a demand of ten units per 30-day month with 
1 standard deviation equal to 3. 3 demands, then we would have a mean 
time between demand of 3 days and a standard deviation of 1 day. 

Time Generators - Shipment paths exist between the primary physical 
locations, and are subject to variations in the time required to effect 
shipments. Transportation times approximate the normal distribution. 
Therefore, the same type of generator is used as in the demand gener- 
ator. The characteristics of each path, such as type of transportation 
utilized, mean shipping time, standard deviation for shipment time, and 
cost to move one unit of a certain weight and cube on each path are 
inputs for the simulation. 

Regeneration of Material - Return of material for possible repair after 
issue and the survival of material in repair are also subject to uncertain- 
ties. A Monte Carlo process is used to simulate these uncertainties. 

The percentages of possible return for repair and of material surviving 
repair are read in as inputs. When the program reaches a point where a 
decision is necessary, a random number is drawn for each unit and com- 
pared to the probability distribution read in. For example, if 90 percent 
will be returned for possible repair and the random number is 80, then 
the item will be returned; but had the random number been 95, the item 
would have been discarded. 
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Procurement and Repair Lead Time - Scheduling of work by the producers 
of new items and activities holding repair contracts cause uncertainties 
in the time necessary to complete these operations. The normal distri- 
bution function is used to generate procurement and repair lead times in 
this program, but the distribution could be replaced easily should it be 
determined that such times followed another type of distribution. As 
mentioned previously, a mean time and a standard deviation ?.r? necessary 
to activate the generator. These values could be easily obtained through 
a sampling project. 

Time Control Mech anism 

ii was necessary to relate the operations within the system to time, 
because the behavior of the system is time-deuendent. The precise a ri- 
val time of material could affect the effectiveness figures that are tne 
most commonly used measures of performance. The dynamic aspect of 
the system is created through use of a time-dependent queueing network. 
The inventory problem is often described as a queue (waiting line) prob- 
lem because of the backorders that accumulate when the system is tem- 
porarily out of material. Constructed within this simulation ore many- 
different methods of judging performance. These were ail incorporated 
because different methods are needed to compare the results of various 
types of experiments. 

The physical system shown in Figure 2 was analyzed, and it was 
determined that there were sixteen 'times when the program had to momen- 
tarily pause and update the state variables or generate new times for 
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subsequent events. Table I provides a list of these significant times 
and a brief description of their meaning. 



When the system simulation is activated, initial times are gen- 
erated for TMSW (9), TMSW (12), and TMSW (13), and times are put in 
for TMSW (14), TMSW (15), and TMSW (16). All other TMSW's have 
very large values, and the symbol TIME is initialized at 0.0. The pro- 
gram searches the array TMSW and finds the lowest value for action. 

As an example, when the switching routine determines that TMSW (12) 
has the lowest value in the TMSW array, we sec that a demand is expec- 
ted from a customer at Subsupply East, When entering the TMSW (12) 
routine, the first action necessary is to update TIME to the value of 
TMSW (12) used to switch to this routine. As the demands are for one 
item it is now considered that a demand has been received, and either 
an issue is made or a backorder e-S' abi'Shed. Jf an issue has been made 
the Monte Carlo draw technique is used to determine if the returned part 
is capable of repair and is to be returned for possible repair. If che item 



is to be returned, then the time generator is used to generate a Lime in 
shipment. This shipment time is added to the updated value of TIME, 
and a time of arrival is thus determined for the material at Main Supply. 
As a change hus affected the asset picture, the On Hand plus due, plus 
backorders must be compared with two times the average demand. If 
a deficiency exists, then an order is placed to arrive at Main Supply 



at TIME + 2 days for the deficiency plus an average month's demand. 
The last step is to generate the time until the next demand by using the 
demand generator and adding this value to TIME. The resulting value 
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is stored in TMSW (12) and will await its proper time in the switching 
routine. 

Of the sixteen values used in the switching routine, the first 
thirteen, TMSW (1) through TMSW (13), directly relate to the receiving 
of demands, issue of material, shipment of material, and updating of 
state variables. There are three additional times used, and a brief 
description of each follows. 

TMSW (14) Time of Next Requirements Review. (TNRR) 

Periodically it is necessary to compare system assets vs. sys- 
tem requirements and make a decision to buy, repair or await the next 
review. The rules that allow the pregram to make this decision are the 
"Repairable Decision Rules, " and are considered to be the inventory 
operating policy. The frequency of review is important, and the closer 
the reviews, the better will be the decisions. However, physical limi- 
tations sometimes prevent daily or even monthly reviews. A set schedule 
is necessary so that safety- level adjus’rnents can be made to cove; tins 
uncertain period. The time between reviews is an input value to allow 
matching of the simulation to reality or evaluating the results if an ex- 
isting policy is modified, 

TMSW (15) Time of Next Period Review., (TNPR) 

To perform an analysis of the simulation, it. is necessary to gen- 
erate statistics and collect data for review. Top management, is normally 
familiar with certain key statistics on a regular schedule, and it is 
necessary to use these same statistics and schedules when running the 
simulation for ease of explanation of the results when completed. The 
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simulation to be presented utilizes a 30-day month as the reporting 
period. 

TMSW (16) Time of Next Demand Updating. (TNDUP) 

The problem of adjusting the forecasts of future demand from ex- 
perienced demand is of vital importance to the inventory manager. This 
simulation will use single exponential smoothing with the value for the 
smoothing weight being an input. Many approaches could be used, as 
this is a very controversial area and the testing necessary to determine 
the optimum method for a particular situation is a complete study in it- 
self, The demand updating was established as a separate routine so 
that, if desired, tests could be planned to optimize this function. 



26 



CHAPTER III 

DESCRIPTION OF REPAIRABLE DECISION RULES 



General 

The mathematical model for the repairable decision rules was 
used at the United States Navy Ships Parts Control Center, Mechanics- 
burg, Pennsylvania, prior to its adoption of new rules for the Unified 
Inventory Control Point in late 1966. Certain refinements Ihat were in- 
cluded in the original are not presented here, bui the basics are the same. 
The rules are possibly not the optimum for the physical system presented, 
but are well developed and could be adjusted to fn almost any re pa ii able- 
item management problem. The financial climate in which the rules are 
to be used has a great deal to do with the values assigned to the variables 
that control it. 

Def in ition of Te r ms 

The terms used in the presentation of the Tepairable decision rules 
will be defined here, with a description of data source and possible limi- 
tations. The definitions will also include the applicable FORTRAN sym- 
bols, because the formulas will be constructed using these symbols, 

On-Hand Readv-fer-Tssue (OHM) - The on-hand rcady-for-issue value 
is a state variable, and the most recently updated value is used during 
the requirements review. 

Due from Repair (DUFR) - The most recently updated value for the 
quantity of items due from repair. The actual assets being returned 
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to Main Supply from repair could be several units less than this value, 
because the possibility exists of some items being surveyed while at the 
Repair Facility. DUFR is incremented when items are shipped to repair 
and decremented when material is actually received at Main Supply. 

Due From Contract (DUFC) - The most recently updated value for the 
quantity of items due from procurement. DUFC is incremented when a 
requirements review is held and an order is placed. DUFC is decremented 
when the new material ordered is actually received at Main Supply. 

Hard Assets (HARDA) - HARDA - OHM + DUFR + DUFC. Hard assets 
are the sum of assets on hand at Main Supply, firm dues from contract., 
and repair. 

On-Hand, Not Ready for Issue (OH MR) - The most recently updated value 
representing the items held at Main Supply awaiting possible induction 
into the repair cycle. This item is incremented upon each receipt from 
SubsuppUes or local customer., at Main Supply, and decremented when 
the requirements r eview indicates indues ion into the Repair Facility is 
necessary. 

Procurement Lead Time (PLT) - The time period measured from the time 
of the requirements review 7 until the material is received at Main Supply 
and placed in the on-hand, ready-for-issue account. The mean procure- 
ment time (TMU13) is an input value used in the procurement lead time 
generator, and also used as the value for Pi'.T. The value is expressed 
in months. 

Repair Lead Time (RLT) ~ The time period between the requirements 
review and the receipt of the material at Main Supply, when it is placed 
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in the on-hand ready- for-issue account. The value is computed by taking 
the sum of the mean repair time (TMU10) , mean transportation time from 
Main Supply to Repair Facility (TMU4), and mean transportation time 
from Repair Facility (TMU5). The value is expressed in months. 

Predicted Carcass Return Rate (BP) - The rate at which issues are expec- 
ted to result in carcasses being returned for possible repair. 

Predicted Carcass Survival Rate (AP) - The rate at which items in Repair 
Facility are expected to survive and become material on band ready fci 
issue. 

Procurement Safety Level (?SL) and Repair Safety Levels (RSL) - The 
safety levels are added in the reorder points to cover uncertainties and 
provide a means of adjusting levels of stock to attain a desired level of 
effectiveness. Many systems are employed to provide safety levels, 
but the system in this simulation provides a constant safety level based 
on the reed to protect at least the unprotected period between tire actual 
occurrence of a requirement and the next scheduled requirements review. 

As the simulation is a testing device, an input value (AJP) is used to ad- 
just this value as necessary. 

Backorder File Main (TOBOFM) - Backorders, or obligations as they are 
often called, are requirements that are unfilled and must, be considered 
in. addition to the forecasted demand in the future. The tile is incremented 
whenever a recuirercent is received and material is not available, and dec- 
remented when backorders are released. 
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Demand Forecast (DEMFOR) - The best available forecast of demand for 
the next period, based on past experience. 

Holding Cost Rate (HOCTR) - Rate, expressed as a percentage of unit 
cost, represents the cost to hold one unit of inventory for one year. 

It is composed of storage costs, interest rates and obsolescence rate. 

Unit Price (UNPRN) - Cost of one unit of material new. 

Order Cost (ORDCT) - The administrative costs necessary to process 
one order. 

Procurement Economic Order Quantity (NEOQ) - When a decision has 
been reached that a buy is to be made, the next question is "How much? 
The classic EOQ formula is used, except instead of using two years of 
expected demand (24 x DEMFOR), two years of expected attrition 
24 x DEMFOR x n - AP x BP) is used. 

The formula is as follows: 

24 x DEM F OR x ( 3 - AP x BP) 

HOCTR x UNPRN 

The reader is reminded that a minimum three-month procurement 
is necessary: therefore, the minimum EOQ is equal to 3 x DEMFOR x 
(1 - AP x BP) . 

Repair Economic Older Quantity (NREOQ) - The formula for the procure- 
ment EOQ is followed with two exceptions « First, the two-year demand 
forecast should be modified to a two-year projection of what will enter 
repair (24 x DEMFOR x A p x BP). Second, the unit price should be changed 
to the cost per unit for an item to be repaired. This is accomplished 



NEOQ - \ - 



by multiplying UNPRN x RCP (RCP being the cost of repair expressed 
as a percent of the new procurement unit price). The formula is as 
follows: 
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REOQ =\ 



24 x DEMFOR x AP x BP 
RCP x UNPRN x HOCTR 



The reader is reminded that a minimum two- month repair induc- 
tion is necessary if the material is available. Therefore, the minimum 
REOQ is equal to 2 x DEMFOR x AP x BP. 

Procurement Reorder Point (PRP) - This is the longest period to be pro- 
tected in the requirements review. If it takes 12 months to receive a 
shipment from date of order, and 20 demands a r e expected each month, 
we must have at least 12 times 20 either on hand, on order, or a com- 
bination of both. In addition, all backorders must be included in addi- 
tion to the demand forecast. The final item is the procurement safety 
.level, which allows covering the uncertainties to obtain a desired level 
of effectiveness. The formula is as follow?: 

PRP - (PLT x DEMFOR) 4 TOBOFM PSL 

Repair Reorder Point (RRP) - This is the shorter of the two periods that 
must be protected in the requirements review. The foimula is the same 
as for the procurement reorder point, except that the repair lead time 
and repair safety level are used. The formula is as follows: 

RRP = (RLT x DEMFOR) + TOBOFM 4 RF.«. 

Expected Assets During Protection Period (EXASS P) - This is the total 
of all assets that can be received and converted into material on hand 
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at Main Supply within a PLT. It is composed of: 

1. OHM + DUFC + DUFR — Hard assets. 

2. AP x OHMR Regeneration from those on hand at Main 

Supply awaiting repair. 

3. AP x BP x DEMFOR x (PLT - RLT) Regeneration over the 

first several months that will be returned to Main Supply 
and added to the OPIMR. These will be inducted and will 
return from the Repair Facility prior to the end of the PLT. 



Theory of the Repaii able Decision Rules 



How much to buy and how much to repair have been answered by 
the EOQ formulas presented in the definitions. It is now necessary to 
explain when to buy and when to repair. When the expected asset's 
during the protection period (EXASS P; -- same time period as a procure- 
ment lead time — are greater than the procurement reorder point., a buy 
is not necessary; however, the hard assets (HARDA) must be compared 
with the repair reorder point (RRP) to see if it is necessary to repair. 

The hard assets (li^RDA) must bo reduced prior to this comparison by 
the amount of dues from centra c" that will arrive after a repair lead time, 
as these assets might not. be received soon enough to satisfy any de- 
mands in the period PLT - RLT. If HARDA is less than RRP, then the 
iesser quantity of on-hand available to be repaired. (OH MR) or the re- 
pair EOQ plus deficiency to RRP must be inducted into repair. Had the 
EXASS P not been greater than PRP, then the deficiency plus a procurement 
EOQ would have been bought and the full quantity OHMR would have been 
inducted into the Repair Facility. Figure 3 presents a schematic of the 
above. 












> 
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SCHEMATIC OF REPAIRABLE DECISION RULES 



PRP = (PLT x DEMFOR) + PSL + TOBOFM 
RRP = (RLT x DEMFOR) + RSL + TOBOFM 

HARDA = OHM F DUFR + DUFC -- (DUFC in period between RLT 
and PLT) 



EXASS P = OHM + DUFR + DUFC + (AP x OH MR) (AP x BP) x DEMFOR x 
(PLT - RLT) 

\ 24 x DEMFOR x (1 - AP x BP) 

W \| HOCTR x UNPRN 



NREOQ 



\ x DF.M’p QR x AP x BP 
' \RCF x UNPRN x HOCTR 




Figure 3 
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CHAPTER IV 

INTEGRATED SIMULATION MODEL 



When the mathematical model for repairable-item management is 
combined with the queueing network that describes the actual system, 
the package is complete and a simulation tool is now available. In de- 
signing and building the integrated simulation model, emphasis was 
placed on mailing the model as general and as flexible as possible to 
allow a variety cf tests to be performed. The use of subroutines was 
considered; however, it was finally decided to keep all routines used 
in the computer progiam 'within the main program, but to identify their 
position by an assigned group of statement numbers. Table H shows 
the routines and their assigned statement numbers. The following com- 
ments ate cari.i cent to the input and output of the model. 

Input - Educe the model has been made general and as flexible as possi- 
ble, it war necessary to include many values as inputs, to prevent the 
necessity of changing the program itself. To keep track of these values, 
and to knew what was used to obtain a specific set of output, a display 
of trie output was created for ease of analysis. Appendix C is an example 
of this display, together with a listing of the data that were read into 
the computer. 

Output - To attain the objective of creating an integrated simulation 
model that wax capable of testing many different alternatives, it was 
necessary to obtain many output values for possible use in the eventual 
analysis. Appendix D is a sample of the output that was obtained by 
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TABLE II 

LOCATIONS OF ROUTINES 



FORTRAN PROGRAM 
STATEMENT NUMBERS 



From 


To 




0 


150 


Reads, Formats, Writes, Misc* 


151 


200 


Switching Routine 


201 


250 


Receipt of new material shipment at 
Subsupply West from Main 


251 


300 


Receipt of new material shipment a‘. 
Subsupply Ease from Main 


301 


400 


Receipt of new shipment at Main Supply 
from procurement or repair 


401 


450 


Exit of material from Repair Facility 


451 


500 


Receipt of shipment at Repair Facility 
from Main Supply 


501 


550 


Receipt at Main Supply of item capable 
of repair from Sub supply Fast 


551 


600 


Receipt at Main Supply of item capable 
of repair from Subsupply West 


501 


650 


Receipt of demand at Main from .loom 
customers 


651 


700 


Receipt of demand at Main fiorn Subsupply 
West 


701 


750 


Receipt of demand at Main from Subsupply 
East 


751 


800 


Receipt at Sub supply Fast of demand from 
local customers 


801 


850 


Receipt at Subsupply West of demand 
from local customers 


851 


900 


Requirement review 


SOI 


950 


Period review 


951 


S39 


Main Supply demand update 


1001 


3 0 49 


Plot routines 


1050 


1050 


Return for additional simulation 
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reading into the computer the data listed in Appendix C. The emphasis 
for display in Appendix D was placed on the interactions of state varia- 
bles; therefore, the report period was established at a ten-day interval. 
The sampling of the values every ten days provides a smoother picture of 
the way the values are in fact changing through time. When most tests 
are run the reporting period is thirty days — the normal unit of time in 
which performance is judged. Changing the reporting period will have no 
effect on the eventual expectation of the model, as it is just a pause to 
examine performance or to present values of state variables. 

The common uses of the integrated simulation model will not be 
for studying the interaction of the many state variables, but rather the 
evaluation of different alternatives available to the inventory manager. 

As Ihe model is probabilistic, it can not be used effectively as a short- 
run predictive device. The model does become effective, however, when 
the measures of effectiveness and average costs approach closely the ex- 
pectation for a given set of input values. It is necessary to examine the 
values that will be used in the eventual analysis to insure that they 
approach the expectation within very high confidence limits. The values 
must be checked for variances of the means as the number of trials in- 
creases. Running comparisons must also be made of the means obtained 
on additional runs using different random-number-sequence listings. 

The "F test for equality of variances" has boon utilised., 

Uses For The Integrated Simulation Model 



In general, simulation has been used for the following purposes: 



36 



1. As a problem-solving technique, i.e. to obtain the answer 
to a specific numerical problem. 

2. As an experimental method, i.e. to explore the nature of a 
system being simulated. 

3. As an indirect method of analysis, when the systems under 
consideration cannot be analyzed using direct or formal 

g 

analytical methods . 

Categories of tests or modes of analysis that can be performed 
on the present model are: 

1. Optimization Analysis - Testing to find the proper operating 
values for system parameters to maximize performance while 
minimizing costs. 

2, Sensitivity Analysis - When an operating policy has been 
selected, one can determine the effect on the costs era effec- 
tiveness if deviations are made from the optimum policy. 

3. Systems Design - It is possible that the present network of 
supply points is not the optimum e nd that consideration should 
be given to modification « Such modifications can be tested 
on the model. 

4, Operating Policy Analysis - As an example, ihe present system 
should have a firm policy on the mode of n asspovta! ion to 

be used when shipping new parts or returning parts to be 
repaired,, This policy should be reviewed to determine if it 
is still optimum when the cost of transportation is changed. 

In addition, the limitation placed by the inventory manager 
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on how much should be spent on repair needs to be examined 
periodically. The model gives one this ability to analyze 
effects of policy changes. 

5. Demand Forecasting - Technique for demand forecasting are 
varied, and testing with the simulation will help optimize 
the choice of forecasting method without disrupting the 
actual operation,. 



Specific questions or situations posed by outside sources could 
be answered by the model. For instance, management is considering a cut 
in the funds available ic the inventory department, but they would like 
to know how this will affect the effectiveness cf meeting customer demands 
Also consider the case where the inventory department is not asked, but 
is told that only a limited amount of funds are available. The model can 
now be used to test alternatives available to reduce spending but maxi” 
mize effectiveness at the new level of funding. 



L imitation s 

Monte Carlo simulation solutions have some disadvantages which 
are not present in analytic solution methods. There is still the problem 
of statistical variations and experimental design inconsistencies that are 
present in direct experimentation of the real situation. It is mandatory 
that a large enough sample be taken and this .'-ample compared to others 
taken with a different series of random number?, Also the simulations 
must be run long enough to reach steady-state conditions. It therefore 
follows from the above that if a problem can be described by a realistic. 
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analytic model that can be mathematically manipulated to obtain an op- 
timum solution, it possesses an important advantage over the Monte 
Carlo simulations. 

It is of vital importance to understand the variables used in the 
program and to collect data from the real world to correspond with the 
intended use. Poorly-collected data will have a big effect on the out- 
come of some experiments. The term "some" is used because as long 
as the same data are used, alternative tests could still be effective, 
even though the data are poor. 
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CHAPTER V 

A SAMPLE PROBLEM EVALUATION 
Problem Statement 

Selecting a problem to examine when the system is a hypothetical 
one presents some problems. In an effort to circumvent these problems, 
it will be assumed that values displayed in Appendix C represent the op- 
timized values being used in the operating policy of a hypoth erica] firm. 
In addition, realistic transportation times and costs were obtained £o> 
representative weights and cubes from the Military Traffic Management 
and Terminal Service (MTMTS) , Washington, D. C. , based on the ter- 
minals at Pearl Harbor. London, Norfolk, and Long Beach. Table II j 
presents the data received from MTMTS and used in the following nrcb~ 
lem. 

In the operating manual used by the employees responsible for 
selecting items to manage as repairables, the following might appear: 

Repairab l e Item, An item which, through rework, 
test and check, modification, or replacement of 
parts, can be returned from an unusable condition 
to performance approximating that of a now item at 
reasonable cost (80 percent or less of the new unit 
price) . 

The range of items managed by this firm vary from very small high- 
priced items to very large high-priced items. The definition of a repair- 
able item appears sound, but one may ask whether the constraint of 80 
percent or less of che new unit price is proper for all items managed as 
repairables by the firm. 
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Method of Approach 

The basic alternatives in the management of an inventory of 
items are either management of them as consumables or management of 
them as repairables. Therefore it is possible to compare the average 
monthly costs under consumable management vs, the average monthly costs 
under repairable management. It must be noted that average monthly 
costs under repairable management will be dependent upon the limits 
placed upon repair costs to be incurred by the repairing activity (RCP) . 

It is necessary that the firm have an effectiveness goal. This 
level of effectiveness may be attained by either method of management, 
but the cost of operating under the two alternate methods of management 
(repairable vs. consumable) may not be the same. The purpose of this 
study is to show undei what circumstances repairable management 
would be more favorable than consumable-item management. 

The method of simulation for a repairable has been describee, 
and as the construction of the procurement reorder point is the same tor- 
repairable or consuma’oJ e management, only a minor change is necessary. 
To manage an item as a consumable, regeneration of material will be 
zero: therefore it is necessary to set the Monte Carlo draw so that all 
material after issue will be used and not returned for possible repair. 

As mentioned, it will be necessary to simulate an item once as 
a consumable; then again as a repairable. The method used to adjust 
stock levels, so that the effectiveness under both methods of manage- 
ment will be equal to each other and also to the goal, is to adjust the 
safety level, using an input multiplier (AJP) . 
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When the input values have been decided upon, it is then nec- 
essary to run several trial simulations of varying lengths to determine 
the number of periods that must be simulated, so that the values that 
are to be used in the cost comparison are within acceptable limits of 
confidence. After the length of the simulation runs are known, it is 
then necessary to run the simulation several times, using different ran- 
dom*- number series, until mean values of the desired output are within 
the acceptable confidence limits. 

The costs applicable to managing an item as a consumable are 
as follows: 

1. Average monthly procurement costs, 

2. Average monthly cost to ship new items to the Subsupply 
point o. 

In addition, for a repairable there are the following costs: 

1. Average monthly actual repair costs. (W ill vary as die 
value of RCP changes) . 

2. Average monthly costs to move repairable items, both to 
Main Supply to await repair, and to and from the Repair 
Faciiil y. 

Not included in the above cost comparisons is a one-time investment- 
level adjustment, but its importance should be recognized. The invest- 
ment-level formulas are as follows: 

(a) Consumable item 

((PLT x DEMFOR) + PSL + . 5 x EOQ) x UNPRN 
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(b) Repairable item 

(PLT x (1. - AP x BP) x DEMFOR + PSL + .5 x EOQ) x UNPRN 

Plus 

(RLT x AP x BP x DEMFOR + RSL + . 5 x REOQ) x UNPRN 

This is a common method of presentation, but is not the only method 
available. Methods of accounting vary: however, consistency once a 
procedure is adopted appears to be the rule. As this is a one-time ad- 
justment, it is hard to pro-rate these costs unless the life of the hem 
is known. Caution should be exercised if the item being reviewed is 
considered to have a short life, because this one-time adjustment could 
affect the final judgment. 
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RESULTS 

The basic objectives of this thesis were: 

1. To build a repairable-item inventory-management model 
using a digital computer. 

2. To show that this model could be used to investigate 
the appiopriateness of certain operating policies used 
in repairable-item inventory management. 

The model has been run successfully and is believed to give 
realistic response to changes that would normally be expected in an in- 
ventory of repairable items. 

A series of tests was run using a goal of 77 percent effectiveness. 
Effectiveness is defined as the ratio of requisitions filled to requisitions 
presented to the main supply point. Preliminary tests were run to select 
the number of months that would need tc be simulated to compute system 
effectiveness values at a 95- percent confidence level. For the simula- 
tion of a repairable item, it was determined chat 1000 months would be 
sufficient: however, for a consumable item, 2500 months are necessary. 
The additional time required for the simulation of a consumable is believed 
to be caused by the long recovery period after a problem develops that 
would cause material shortages. For a repairable item, material will be 
entering the system at more frequent intervals (from repair and from pro- 
curement) which will dampen the fluctuations m effectiveness measures. 

It is felt that this increased "stability" of the system is a basic phen- 
omenon of a repairable-item inventory system. This would tend to be 
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one of the fringe benefits of repairable-item management over consum- 
able-item management. 

When adjusting the safety levels in order that all simulation runs 
(for a specific weight , cube, and unit price) attain the 77 percent, it 
was found that the requisition-effectiveness values were very sensitive 
to minor changes in the safety levels. Therefore, if a simulation run 
could be obtained with an effectiveness figure of plus or minus .5 
to the desired 77 percent, it was considered acceptable. The results of 
the simulations are displayed in Table IV. This matter of the sensitivity 
of effectiveness to inventory levels would probably be expected in any 
inventory model. Time did not permit a true sensitivity analysis of ef- 
fectiveness versus the various inventory safety levels. Anyone using 
this model extensively would want to undertake such a sensitivity anal- 
ysis. 

It was expected that changes to the actual repair cost, expressed 
as a percentage of original cost (RCP) , would produce different requisi- 
tion effectiveness values: howevei , the changes were so small that they 
can be ignored. RCP is used within the program only when computing the 
economical repair quantity. The operating-policy constraint of repairing 
at least two months' re qua- emert negates any significant effect caused 
by changes to RCP. Because of this, the analysis of costs of managing 
items as consumable or repairable becomes less complex. 

This circumstance of the EOQ being less than the minimum order 
quantity is again undoubtably an inherent characteristic of repairable- 
item inventory systems, because repairable items are generally more 
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'•"Value of RCP w’.e/i consumable management costs equal repairable management costs 
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costly and therefore yield low EOQ values. Any extensive investigation 
of this model would include a study of the cost-effect of the external con- 
straints, such as the 2-month minimum economical repair quantity and 
the 3-month minimum economical procurement quantity. 

It was necessary to find the value of RCP that would cause the 
costs of consumable management to equal total costs of repairable-item 
management. It is recalled that repairable- item management costs are 
composed of the following: 

1. average monthly procurement costs 

2 0 average monthly costs to ship new items to Subsupply points 

3. average monthly costs to move repairable itemm. both to 
Main Supply to await repair, and to and from the repair 
facility 

4. average monthly actual repair costs (will vary as the value 
of RCP changes) 

Items 1, 2, and 3 can be summed, and item 4 varied until a value of 
RCP is obtained that will achieve equality with consumabie-item-man- 
agement total costs. The results are shown on the last line of Table TV. 

It can be seen that the physically smaller items that would result 
in reduced transportation costs are the bette* candidates for repairable- 
item management. More important is the knowledge that a fixed criter- 
ion, e.g. 80 percent or less of new-unit price, is unrealistic as a single 
operating policy. The RCP (actual cost of repair expressed as a percen- 
tage of new cost) that is the dividing point between economical repair 
management and consumable-item management must be developed for 
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each firm as a function of the weight, cube, unit cost, and transportation 
costs for each item. The type of analysis presented here would be help- 
ful in developing such relationships „ 

The present computer program could be used to explore the 
benefits to be derived from changing the operating rules and procedures 
relative to demand, forecasting, safety-level determinations, and fore- 
casting of regeneration rates. By such manipulation of the operating 
rules, one could obtain an optimal set of repairable-item inventory 
management decision rules. 

The c r s rc associated with building, maintaining and using a 
simulation model that is complete enough to accurately describe the 
physical characteristics and operating policies of a firm are large. 

The dividends that would accrue through better management and under- 
standing of the system will more than compensate for these costs. The 
simulation model utilized a General Electric 625 computer. It required 
approximately 20,000 core storage locations, and required 3 minutes 
of processor time for each run. 

Examination or solving of problems by the simulation technique 
provides a great deal of understanding of the interdependence of the 
many variables that might not otherwise be possible. Further, the 
ability to propose modification and be able to study, in the present, 
the future effect is invaluable. The simulation results are not the ulti- 
mate answers , and must be evaluated with other knowledge that is ac- 
quired through experience and common sense. Thus, simulation is an- 
orher useful tool which can be used to build sound inventory- management 
decisions. 
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GLOSSARY OF FORTRAN TERMS 



AA 


Actual carcass survival rate. 


A 


A counter that sums the number of 
backorders that are used in compu- 
ting the average time that a back- 
order is outstanding. 


(Al, A2 , A3, A4) 


Nomenclature of item to be simula- 
ted, not to exceed 20 letters. 


(A5 , A6, A7, A8) 


Location of Main Supply for simula- 
tion. 


(A9 , A10, All, A12) 


Location of Subsupply West for si in 
ulation . 


(A13, A14 , A15 , Ai 6) 


Location of Subsupply East for sim- 
ulation,. 


(A17 , A18 , A19, A2-T) 


Location of Repair Facility for sirnu 
I at ion , 


(A21 , A22 , A37 , A33> 


Procurement safety level. The for- 
mula to be used, in the safety level 
computation is displayed on the in- 
put sheet for future reference. 


(A23 , A24 , A3 9. A40) 


Repair safety level. The formula 
to be used. In the safety level com- 
putation is displayed on the input 
sheet for future reference. 


AJP 


This is an input value that is used 
internal Jy to adjust the safety pro- 
curement level. 


AJR 


This is an input value that is used 
internally to adjust the repair 
safety level. 


ALOG ( ) 


A function that Lakes the logarithm 
of a number. It is used in the nor- 
mal distribution time generator. 


AMODE 

AMODW 


Moving average of demand at Sub- 
supply East and Subsupply West 
respectively. 



I 
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ANUC 


Average cost per period of all mater- 
ial received from contract. 


AP 


Predicted carcass survival rate. 


ARC 


Period average cost of all material 
repaired by the Repair Facility. 


ATC 


Period average of total costs. 


ATNC 


Period average costs for movement 
of new material. 


ATRG 


Period average repair associated 
transportation costs. 


AWS 


Period average investment level 
(expressed in dollars). 


BB 


Actual carcass return rate. 


BOFE 

BOFW 


There are the backorder file desig- 
nators for Subsupply East and Sub- 
supply West respectively. They indi- 
cate only the number of backorders that 
are outstanding at any given point in 
time. There is not an aging routine 
to determine how long a backorder 
was in fact outstanding. 


CMC 


Cumulative costs of all material 
repaired by the Repair Facility. 


CAVBOG 


Average time that a backorder remains 
outstanding. 


CAWS 


Cumulative investment level (expres- 
sed in units) . 


CCURDE 


Cumulative demand at Subsupply East. 


CCURDW 


Cumulative demand at Subsupply West. 


CEISS 


Cumulative number of issues on time 
at Subsupply East. 


COS ( ) 


A function that determines the cosine 
of an angle. It is used in the normal 
distribution time generators. 
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CPNUC 


Cumulative costs of all material 
received from contract. 


CPRDM 


Cumulative number of requisitions 
for material received at Main Supply. 


CPTNC 


Cumulative costs for movement of 
new items. 


CPTRC 


Cumulative costs of all repair 
associated transportation. 


CPUDM 


Cumulative number of units demanded, 
at Main. 


CREFFE 


Cumulative requisition effectiveness 
at Subsupply Fast. 


CR.EFFM 


Cumulative requisition effectiveness 
at Main Suopry, 


CREFFW 


Cumulative requisition effectiveness 
at Subsupply West. 


CR1SSM 


Cumulative number of requisitions 
issued on time at Main Supply. 


CTIEMP 


Cumulative time of all individual 
outstanding backorders. 


CUBE 


Cube of the item to be simulated 
expressed in cubic feet. 


CUEFF.M 


Cumulative unit effectiveness at 
Main Supply. 


CUIOTM 


Cumulative number of units issued 
on time at Main 


CURDE 


Demand per period at Subsupply East. 


CURDEM 


Records the amount of demand recor- 
ded at Main Supply during a period. 
It is used in the demand update rou- 
tine. 


CURDME 


Monthly demand counter used to fore- 
cast demand at Subsupply East. 
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CURDMW 


Monthly demand counter used to fore- 
cast demand at Subsupply West. 


CURDW 


Demand per period at Subsupply West. 


CWISS 


Cumulative number of issues on time 
at Subsupply West. 


DEMFOR 


Demand forecast at Main Supply used 
in the requirements review. 


DUEE 


Material due at Subsupply East from 
Main Supply. 


DUEW 


Material due at Subsupply West from 
Main Supply. 


DUFC 


The number of units due at Main 
Supply from contract. 


DUFR 


The number of units due from repair 
at Main Supply. 


EISS 


Number of issues or time at Subsuppiy 
East per period. 


EOQ 


Procurement economic order quantity. 
It is the larger of NEOC) or MINEOQ. 


EXASS P 


Expected assets to be available during 
a production lead time. Is the sum of 
On Hand, due from repair, due from 
contract and expected regeneration. 


EYE 


A symbol used by the plotting routine 
to plot the extreme right and left 
boundaries of the graph. 


FLOAT ( ) 


A function that converts real numbers 
into integer numbers. 


HARDA 


Hard assets. These assets consist 
of items that are due from repair, due 
from contract plus those that are on 
hand at Main ready for issue. 


HOC'TPR 


Cost to HoJd. Input value expressed 
as a percent. 


HOCTR 


Cost to Hold. The value is used in 
the requirements review in the economic 
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I 



KOUNED 



KOUNST 



KT 



L ( ) 



MINEOQ 



MINREO 



MOD (X, Y) 



NEOQ 



NOHE 


SELT 

SKOUNT 


NORW 


MINEOQ 


NORM 


NT 


ABC 


AT 


NELT 


AL1RE 


NL 





order quantity determination. Ob- 
tained by dividing HOCTPR by 100. 

The initializing value for the random 
number generator. It must be a ten 
digit odd number. 

An input value that controls the num- 
ber of simulations that are to be accom- 
plished on a given computer run. 

External input that will number the 
output computer runs, 

A counter that .is used to delay the 
recording of any statistics until the 
simulation has run for 25 periods. 

This delay is necessary as initial 
values are only provided for the on 
hand values and time is necessary 
for all paths of the simulation to 
have representative values. 

An array that contiols the number of 
columns that can be plotted in a 
graph. 

The minimum procurement economic 
order quantity. 

The minimum economic repair induc- 
tion quantity. 

A remaindering function for integer 
numbers that gb T es the remainder 
when X is divided by Y. 

The economic order quantity compu- 
tation for procurements. 

These symbols are used in the sequen- 
cial operation of the program to con- 
vert either from a fixed point to a 
floating point or visa- versa as nec- 
essary to prevent mixed mode oper- 
ation. 

A device which enables the plotting 
symbols of the graph to be plotted, 
line by line, from the top of the graph 
to the bottom. 
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NLINE 


The designation of the midpoint of 
the incremental ranges of the vertical 
scale. 


NPER 


It is a counter that counts the num- 
ber of periods that are being simulated. 


NREOQ 


The economic repair induction quan- 
tity computation. 


NZ 

NA 

NB 


These symbols are index values used 
in determining the proper sequence of 
the plotting routines. 


N1 


Input value representing index of 
position in TEMPB array that des- 
ignates scale values to be used on 
LEFT scale of Main Supply plot. 


N2 


Input value representing index of 
position in TEMPB anav that designates 
scale values to be used on RIGHT scale 
of Main Supply plot. 


N3 


Input value representing index of 
position in TEMPB array that des- 
ignates scale values to be used on 
LEFT scale of Subsupply West pioi . 


N4 


Input value representing index of po- 
sition in TEMPB array that designates 
scale values to be used on RIGHT 
scale of Subsupply West plot. 


N5 


Input value representing index of 
position in TEMPB array that desig- 
nates scale values to be used on 
LEFT scale of Subsunply East plot. 


N6 


Input value representing index of 
position in TEMPB array that des- 
ignates scale values to be used on 
RIGHT scale of Subsupply East plot. 


N7 


Input value representing index of 
position in TSCAB array that designates 
scale values to be used on LEFT 
scale of Reorder point plot. 
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N8 


Input value representing index of 
position in TSCAB array that des- 
ignates scale values to be used on 
RIGHT scale of Reorder point plot. 


N9 


Input value representing index of 
position in TSCAB array that des- 
ignates scale values to be used on 
LEFT scale of Cost data plot. 


N10 


Input value representing index of 
position in TSCAB array that des- 
ignates scale values to be used on 
RIGHT scale of Cost data plot. 


OHE 


On hand stocks at Subsupply East 
available for issue. The value is 
initialized with bubsupply East 
starting with an on hand balance 
equivalent to 2 months of expected 
demand. 


OHM 


Material On Hand at Main Supply- 
available to meet demands from 
local Mail. Supply customers plus 
demands from Subsupply East and Sub 
supply West io replenish their stocks 
The initial value is the expected 
demand per month at East, West and 
Main times the production ieadtimo. 


OH MR 


The number of units on hand Main 
that have been returned from Sub- 
supply East, Sub supply West and 
local Main. It is intended that 
these should be held until a require- 
ments review aictat.es induction into 
the Repair Facility. 


OHW 


On hand stocks at Cubsuopiy West 
available for isr.ua. The value is 
initialized with Sub supply West 
starting with an on hand balance 
equivalent to 2 months of expected 
demand. 


ORDCT 


Order cost. The value is used in 
the requirements review. 
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PAWS 


Period investment level (expressed 
in units) . 


PBR 


An input value that specifies the num- 
ber of periods to be simulated on a 
particular computer run. 


PLT 


Production Lead Time. Measured 
from the time it is determined that 
an order is necessary until the time 
that the material will arrive at Main 
Supply available for issue. It is 
expressed in months and assumes the 
value of TMU11. 


PNUC 


Costs of all material received from 
contract during period. 


PP 


Predicted carcass return rate. 


PRC 


Cost of all material repaired by Repair 
Facility. 


PREFFE 


Period requisition effectiveness at 
Subsupply East. 


PREFFM 


Period requisition effectivenss at 
Main Supply. 


PREFFW 


Period requisition effectiveness at 
Subsupply West. 


PRDM 


Number of requisitions received at 
Main Supply per period. 


PRISSM 


Number requisitions issued on time 
from Main Supply during a period. 


PRP 


Procurement reorder point. 


PSL 


Procurement Safety Level is used in 
the reorder point computations during 
the requirements review. 


PTC 


Total new material and repair costs 
for a period. 


PTNC 


Costs for the movement of new mat- 
erial during period from Main Supply 
to Subsupply East and Subsupply West 
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PTRC 



PUDM 



PUEFFM 



PUIOTM 



QTYTEP TETIM 

SHIPW TISS 

SHIPE KOUNT 

BOT 

RCM (I) 



RCP 

REC 

RER 

RLT 

RNEWL 



Transportation related costs for 
repairable item movement during a 
period. 



From 

Subsupply West 
Subsupply East 
Main Supply 
Repair Facility 



To 

Main Supply 
Main Supply 
Repair Facility 
Main Supply 



Total number of units demanded at 
Main per period. 



Period unit effectiveness at Main 
Supply. 



Number of units issued on time at 
Main per period. 

These symbols are used in the se- 
quential operation of the program and 
are temporary holding locations. 



A function that generates random 
numbers that are uniformly distribu- 
ted between 0 and 1. To activate 
the random number generator, a 10 
digit odd integer for I must be 
initialized at the beginning of the 
program. 

Cost to repair a unit in the Repair 
Facility. This value is expressed 
as a percentage of the cost of a new 
item. 



Number of units received from con- 
tract during a period. 

Number of units received from the 
Repair Facility during a period. 

Repair Lead Time. 

Total number of items returned to 
Main Supply per period that have been 
determined to be capable of being 
repa ired. 
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RRP 


Repair reorder point. 


RSL 


Repair Safety Level is used within 
the reorder point computations during 
the requirements review. 


S CALEB ( ) 


An array which contains the minimum 
values of the vertical scales of the 
graphs. This array will receive its 
values from TEMPB ( ) or TSCAB ( ) 
depending on which graph is being 
plotted. 


SCALET ( ) 


An array which contains the maximum 
values of the vertical scales of 
the graphs. This array will re- 
ceive its values from TEMPT ( ) or 
TSCAT ( ) depending on which graph 
is being plotted. 


SMWT 


Smoothing weignf used in the expo- 
nential smoothing routine within the 
demand update routine. 


SP1 

SP2 


The value of the range of the incre- 
mental vertical scale values. 


SUR1TE 

8IJRDM 

SURDW 


Number of surveys at Subsupply West, 
at Subsupply East and Main Supply 
respectively because it was deemed 
that the carcasses were not capable 
of being repaired. 


SURR 


The number of items that are surveyed 
at the completion of a movement of 
a lot of repairabiec through the Re- 
pair Facility. It is the result of apply- 
ing the carcass survival rate to those 
items completing the repair cycle. 


S /M ( ) 


An array that contains the symbols 
to be plotted on the giaph. 


TEMBT ( ) 


An input array which contains the 
maximum values for the vertical 
scales for the cost and reorder point 
plot routines. 


TEMPB ( ) 


An input array which contains the 
minimum values for the vertical scales 
for the cost and reorder point plot 
routines. 
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TIEMP 


Period total time of all individual 
outstanding backorders. 


TIME 


The moving value of time within the 
program. It is updated each time 
an event occurs. 


TMSW (1) 
TNNMW ( ) 


Lowest value in TNNMW array. 

10 position array for transportation 
times . 


QTNMQ ( ) 


10 position array for transported 


JX1 


quantities. 

Index representing TMSW (1) posi- 
tion in TNNMW array. 

The above refers to the time sequen- 
cing of shipments of new material 
from Main Supply to Subsupply West. 


TMSW (2) 
TNNME ( ) 


Lowest value in TNNME array. 

10 position array for transportation 
times . 


QTNME ( ) 


10 position array for transported 


JX2 


quantities. 

Index representing TMSW (2) position 
in TNNME array. 

The above refers to the time sequen- 
cing of shipments of new material 
from Main Supply to Subsupply Ease 


TMSW (3) 
TNNCM ( ) 


Lowest value in TNNCM array. 

10 oosition array for arrival times 
from procurement. 


QTNCM ( ) 


10 position array for quantities pro- 


JX3 


cured. 

Index representing TM3W (3) position 
in TNNCM array. 

The above refers to the time sequen- 
cing of shipments of new material fro: 
procurement to Main Supply. 


TMSW (4) 
TNNFM ( ) 


Lowest value in TNNFM array. 

10 position array for arrival times 
from Repair. 


QTNFM ( ) 


10 position array for quantities re- 
paired. 


JX4 


Index representing TMSW (4) position 
in TNNFM array. 

The above refers to the time sequen- 
cing of shipments of new material 
from Repair Facility to Main Supply. 
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TMSW 


(5) 


Lowest value in TNRFF array. 


TNRFF 


( ) 


10 position array for departure 
times from Repair. 


QTRFF 


( ) 


10 position array for departure quan- 
tities. 


JX5 




Index representing TMSW (5) position 
in TNRFF array. 

The above refers to the time sequen- 
cing of shipment of repaired material 
completing repair and now ready for 
shipment to Main Supply. 


TMSW 


(6) 


Lowest value in TNRMF array. 


TNRMF 


( ) 


10 position array for transportation 
times. 


QTRMF 


( ) 


10 position array for transported 
quantities. 


JXS 




Index representing TMSW (6) position 
in TNRMF array. 



The above refers to the time sequen- 
cing of shipments of material to be 
repaired being shipped from Main 
Supply to the Repair Facility. 



TMSW 


(7) 


Lowest value in TNREM array. 


TNREM 


( ) 


10 position array for transportation 
times. 


QTREM 


( ) 


10 position array for transported 
quantities . 


JX7 




Index representing TMSW (7) position 
in TNREM array. 

The abo\,e refers to the time sequen- 
cing of shipments of failed material 
being returned from Subsupply East 
to Main Supply to await repair. 


TMSW 


(8) 


Lowest value in TNRWM array. 


TNRWM 


( ) 


10 position array for transportation 
times. 


QTRWM 


( ) 


10 position array for transported 
quantities. 


JXS 




Index representing TMSW (8) position 



in TNRWM array. 

The above refers to the time sequen- 
cing of shipments of failed material 
being retinned from Subsupply West 
to Main Supply to await repair. 
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TMSW (9) 
TNDLM 


TMSW (9) is the value of TNDLM used 
in switching routine. TNDLM is the 
time for next demand to be received 
at Main Supply from local customers. 


TMSW (10) 

TNOWN 

QTOWN 


TMSW (10) is the value of TNOWN 
used in switching routine. TNOWN 
is the time the next order for material 
is demanded at Main Supply from Sub- 
supply West. QTOWN is the corres- 
ponding quantity. Only one position 
is used as the order wi.U be received 
at Main Supply before another order 
will be generated. 


TMSW (13) 

TNOEM 

QTOEM 


TMSW (11) is the value of TNOEM 
used in switching routine. TNOEM 
is the time the next order for material 
is demanded at Main Supply from 
Subsupply East. QTOEM is the cor- 
responding quantity, CnJy one posi- 
tion is used as the order will be 
received at Main Supply before an- 
other order will be generated. 


TMSW (12) 
TNDEE 


TMSW (12) is the value of TNDEE 
used in switching routine. TNDEE 
is the time for next demand to be 
received at East from customers at 
East . 


TMSW (13) 
TNDWW 


TMSW (13) is the value of TNDWW 
used in switching routine. TNDWW 
is the time for next demand to be 
received at West from customeis at 
West. 


TMSW (14) 
TNRR 


TMSW (14) is the value of TNRR used 
in switching routine. TNRR is the time 
of the next requirements review. The 
interval is an input value. 


TMSW (15) 
TNPR 


TMSW (15) is the value of TNPR used 
in switching routine. TNPR is the time 
of next period review. All statistics 
are collected by period and the value 
of interval is an input value. 
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TMSW (16) 
TNDUP 



TMU4 
SD4 
UTCR4 
A35 , A3 6 



I'M US 
SD5 
UTCR5 
A 25, A26 



TMU 6 
SB6 
UTCR5 
A3 3, A34 



TMU7 
SD7 
UTCK7 
A27 , A 2 8 



TMU 8 
SD8 
UTCN8 
A29, A30 



TMU9 
SD9 
UTCR9 
A31, A3 2 



TMSW (16) is the value of TNDUP 
used in switching routine. TNDUP is 
the time of next demand forecasting 
update. The frequency of updating 
is an input value. 

Mean (Days) . 

1 Standard Deviation (Days). 

Cost to Ship One Unit (Dollars) . 
Mode of Transportation. 

The above refers to the shipment of 
failed items from Mam Supply to the 
Repair Facility. 

Mean (Days) . 

1 Standard Deviation (Days) . 

Cost to Ship One Unit (Dollars). 

Mode of Transportation. 

The above refers to the shipment 
of repaired items from the Repair 
Facility to Main Supply. 

Mean (Days). 

1 Standard Deviation (Days). 

Cost to Ship One Unit (Dollars). 

Mode of Transportation 
The above refers to the shipment 
of failed items from Sub supply West 
to Main Supply. 

Mean (Days). 

.1 Standard Deviation (Days). 

Cost to Ship One Unit (Dollars). 
Mode of Transportation. 

The above refers to the shipment 
of new items from Main Supply to 
Subsupply West. 

Mean (Days). 

1 Standard Deviation (Days) . 

Cost to Ship One Unit (Dollars). 

Mode of Transportation. 

The above refers to the shipment of 
new items from Main Supply to Sub- 
supply East. 

Mean (Days), 

1 Standard Deviation (Days) . 

Cost to Ship One Unit (Dollars). 

Mode of Transportation. 

The above refers to the shipment of 
failed items from Subsupply East to 
Main Supply. 
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TMU10 

SDIO 



TMU11 

SD11 



TMU12 

SD12 



TMU13 

SD13 



TMU14 

SD14 



TNBO (1, ) 
BOQF (1, ) 



TNBO (2, ) 
BOQF (2, ) 



TNBO (3, ) 
BOQF (3, ) 



TOEOFM 



Mean Repair Time (Days). 

1 Standard Deviation (Days) . 

The above refers to the time a failed 
item will remain in the Repair Facility. 

Mean (Months)'. 

1 Standard Deviation (Months). 

The above refers to the Procurement 
leadtime variations. 

Mean time between demands (Days). 

1 Standard Deviation between demands 
(Days) . 

The above refers to the external de- 
mand being introduced at Subsupply 
East. 

Mean time between demands (Days). 

] Standard Deviation between demands 
(Days) . 

The above refers to the external de- 
mand being introduced at Subsupply 
West. 



Mean time between demands (Days). 

1 Standard Deviation between demands 
(Days) , 

The above refers to the external de- 
mand being introduced at Main Supply. 

The arrays store the quantities back- 
ordered and the time of backorder 
establishment for up to 80 different 
requisitions from Subsupply West. 

The arrays store the quantities back- 
ordered and the time of backorder 
establishment for up to 80 different 
requisitions from Subsupply East. 

The arrays store the quantities back- 
ordered and ihe time of backorder 
establishment for up to 80 different 
requisitions from Main Supply and 
local customers. 

The total number of backorders that 
are presently recorded at Main Sup- 
ply. This number is used in the re- 
order point computations during the 
requirements review. 
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TSCAB ( ) 


An input array which contains the 
minimum values for the vertical 
scales for the Main Supply, Sub- 
supply East, Subsupply West plot 
routines. 


TSCAT ( ) 


An input array which contains the 
maximum values for the vertical 
scales for the Main Supply, Sub- 
supply East, Subsupply West plot 
routines. 


UNPRN 


The unit price of a new item. 


WEIGHT 


Weight of the item to be simulated 
expressed in pounds. 


WISS 


Number of issues on time at Sub- 
supply West per period. 


X (100, 27) 


An array that contains the period 
values that are to be used in the 
plotting routines for Main Supply, 
Subsupply East and Subsupply West. 


Y (100, 26) 


An array that contains the period 
values that, are to be used in the re- 
order point plot and the cost data 
plot . 


YLOW 


The lower limit of the range of the 
Incremental vertical scale values 
which determines, in conjunction 
with the upper limit, where a symbol 
will he plotted on Lhe graph. 


YUF 


The upper limit of the range of the 
incremental vertical scale values 
which determines, in conjunction 
with the lower limit, where a sym- 
bol will be plotted on the graphs 



APPENDIX B 

REPRODUCTION OF TOTAL FORTRAN PROGRAM 



